We report significant differences in the average velocity of catalytically self-propelled colloidal particles in the vicinity of substrates made from different materials. By measuring the surface zeta potential, the wetting angle, and the roughness of the substrates, we are able to attribute this observation to the slip boundary condition of the substrate. We find that particle velocity scales with the water contact angle on the substrate as U ∝ (cos θ + 1) −2 . This slip dependence of the velocity also persists in the presence of salt, although the absolute speed decreases. Our results highlight the importance of fluid slip at nearby walls for particles that self-propel by generating a fluid flow.
Active colloidal particles constitute a new class of nonequilibrium model systems, that also hold great promise for applications owing to their fast motion in liquid environments. A simple experimental realization of such microswimmers are spherical colloids half coated with Pt [1] . These colloids move autonomously in H 2 O 2 solutions due to asymmetric catalytic reactions taking place on their surfaces [2] and are typically found self-propelling parallel to a substrate [3] [4] [5] [6] . This substrate-affinity leads to accumulation [3] and retention [5] [6] [7] of active particles at surfaces, such as walls and obstacles, and can be exploited as a means to guide their motion [5] .
Strikingly, upon approach to a surface, numerical and theoretical models predict both an increase or a decrease of the particle velocity depending on the considered propulsion mechanism and the physico-chemical properties of the particle and the wall, such as the zeta potentials and solute-surface interactions [8] [9] [10] [11] [12] [13] [14] . More evidence for a non-negligible effect of the substrate properties stems from the inconsistencies in the swimming velocities reported in different experiments. For example, even under otherwise comparable conditions, velocities as disparate as 3 µm/s [15] and 18 µm/s [3] were found for polystyrene spheres with 5 nm Pt coating in 10% H 2 O 2 . This discrepancy is even more surprising, when one considers that the slower speeds were observed for the smaller species, while the velocity scales inversely with size [16] . Resolving such discrepancies will facilitate the development of a quantitative framework for these active particles.
Only recently, the effect of two different substrates, glass and Au coated glass, on photo activated TiO 2 /SiO 2 swimmers was considered [17] . 4 µm/s average velocities were found on Au, as opposed to 3 µm/s on glass. Considering zeta potential values for Au and glass at neutral -and thus not experimentally relevant -pH conditions and assuming similar colloid-substrate distances, it was speculated that catalytically self-propelled colloids swim faster if the substrate zeta potential is reduced. However, Au is a rather surprising choice for investigating the effect of the substrate, because Au could in principle catalyze H 2 O 2 decomposition and thus interfere with the propulsion reaction. Therefore, to unambiguously prove that substrates have an effect on the swimming speed, different surfaces ought to be examined. Furthermore, to pinpoint the origin of potential velocity differences a quantitative approach is required. Understanding the effect that a surface has on colloid self-propulsion is essential not only for their use as model systems, but also for future applications that may require motion in complex environments comprising obstacles or confining walls [18] .
Here, we quantitatively examine the effect of the substrate on the self-propulsion of Pt half-coated colloids by studying for the first time their velocities on glass, glass coated with the organosilicon compound polydimethylsiloxane (PDMS), and plastic substrates made of a polyethylene (PE) derivative. Under otherwise fixed experimental conditions, we find a strong enhancement in the velocities, which cannot be fully accounted for by the substrate zeta potential. We unravel the mechanism that controls substrate dependent colloid velocities and show how these can be tuned over a wide range by a simple adjustment of the substrate, offering not only new possibilities in controlling self-propulsion but also insights into their still debated propulsion mechanism [19] .
For all experiments, we used 2.7 µm TPM colloids [20] half-coated with 4.9 nm of Pt by sputter-coating, see Fig.  1a . All colloids were prepared in one batch, and thus any inhomogeneities arising from their preparation, including Pt thickness, that affects H 2 O 2 decomposition, should be universal. Measurements were taken with a 60x ELWD air objective (NA 0.7) on an inverted Nikon TI-E microscope at 18.92 fps in the dark within an hour after dispersing the colloids at dilute particle concentration (≈ 10 −7 v/v) in deionized water containing 10% H 2 O 2 . The Pt/TPM colloids quickly reached the lower surface and continued to self-propel parallel to it. Fig. 1b shows representative xy trajectories on glass, PDMS and PE acquired over a time interval of 4 s. Strikingly, the same colloidal particles under the same experimental conditions cover significantly greater distances on PDMS than on glass, and their motion is even more strongly enhanced on PE. Clearly, the substrate has a significant effect on the motion of catalytically self-propelled particles.
We quantify the differences in particle self-propulsion by extracting their velocity from the first 8 frames of their mean squared displacement (MSD) following Ref. [15] (see Fig. 1c and SI, Section C). The probability density functions of the velocities for each substrate are shown in Fig. 1d . On glass, the particles have an average velocity of 1.6 µm/s well within the range of values reported earlier [4, 16] . However, their average velocities increase to 4.4 µm/s on PDMS and 10 µm/s on PE, which is about 6 times faster than on glass and much more significant than the subtle enhancement reported on Au [17] . We note that, in the absence of H 2 O 2 , the translational diffusion coefficient of the particles is similar for all substrates. Substrate-dependent differences arise only in their active state.
To quantitatively unravel the origin of this notable effect, we consider different physical properties that might influence the motion of a colloidal particle in the proximity of a wall. The fluid flow generated by the anisotropic catalytic reaction on the particle surface [21] , and hence particle speed [22] , has been predicted to be affected by the particle's distance from the wall [8] [9] [10] [11] [12] [13] [14] , wall surface inhomogeneities [17] , and the slip on the wall [23] . Neglecting any effects due to the activity, the particle's distance from the wall can be determined by balancing the electrostatic repulsion between particle and wall and the gravitational force [24] . Since the repulsion depends on the zeta potential of the particle and the substrate, and considering that all other factors here remain constant, we therefore measure zeta potentials to determine the distance of the particle with respect to the different substrates.
We extract the zeta potential of the substrate by measuring the electrophoretic mobility of charged tracer particles at varying distances from the substrate using a Surface Zeta Potential Cell from Malvern by laser Doppler electrophoresis [25] , see also SI Section D for details. The observed zeta potential of glass at various acidic pH conditions, SI Section D, agrees well with streaming potential measurements [26] . Since bubble formation at the electrodes prohibited measurement of the substrates in 10% H 2 O 2 , we approximated the experimental conditions by measuring their zeta potential in aqueous hydrogen chloride at pH 3.3. The results are presented in Table I and show no direct correlation between the zeta potential of the substrate and particle velocity. We can then calculate the distance δ in absence of activity following Ref. [10] as:
where is the dielectric constant of the solvent, 0 is the vacuum permittivity, ζ c and ζ s are the colloid (ζ c =-13.5 mV) and substrate zeta potentials, g is the standard acceleration due to gravity, ρ c and ρ sol are the densities of the colloid and solvent, r is the colloid radius and κ
is the Debye length. See SI for details. The colloidsubstrate distances in 10% H 2 O 2 calculated from equation 1 are shown in Table I (values for 0 mM NaCl).
As expected, there is also no correlation between the distance from the various substrates and particle speed. Therefore, the substrate zeta potential [17] and by extension the particle distance from the wall [10] alone cannot explain the different velocities. Besides the distance from the substrate, the colloid velocity can also be influenced by the substrate roughness, also discussed in Ref. [17] . We performed Atomic Force Microscopy (AFM) measurements to gain insight into the substrate topography and to measure the roughness, see SI Section E. The average substrate roughness Ra, which denotes the arithmetic mean of the deviations in height from the roughness mean value, is shown in Table I . We found that all substrates are flat at the nm level and no indication of a correlation with the particle velocity. From these measurements we could furthermore infer that glass and PE are qualitatively stiffer substrates than PDMS, again not providing an explanation for the observed velocity trends. Finally, we examine the fluid slip of the particlegenerated flow on the substrate as the origin of the different velocities. Even small deviations from the noslip condition have been predicted to cause a notable enhancement of the effective slip velocities in diffusiophoresis [23] . Surface slip relates to the liquid-solid interactions, and hence surface wetting properties, and generally, though not always, increases with increasing hydrophobicity and hence contact angle θ [27] [28] [29] [30] . The larger slip length b on hydrophobic surfaces leads to a lower friction for the fluid and thus to a larger slip fluid velocity and hence colloid velocity. Conversely, the noslip condition on hydrophilic surfaces leads to high friction for the fluid [31] and a lower fluid and colloid velocity, see Fig. 2a . Thus, we expect the velocity of colloids that propel close to a substrate to depend sensitively on the contact angle and to decrease with increasing substrate hydrophilicity. Indeed, the trend we find in the colloid velocities is in agreement with this hypothesis: the contact angle θ for water is 50 ± 3
• for glass, 100 ± 2 • for PDMS and 110
• for PE 1 , see Table I . To test this hypothesis further and eliminate any dependence on the bulk chemical properties of the substrate, we modulated the hydrophilicity of the employed substrates and repeated the experiments. See SI Section B for details. We increased the degree of hydrophilicity of the glass by either a cleaning procedure (θ = 39 ± 3
• ) or treatment with HCl (θ = 13 ± 1
• ) and observed a concomitant decrease of the average velocity by 50% and 72%, respectively. Conversely, when we rendered the glass more hydrophobic (θ = 82 ± 1
• ), we found that the particle velocity increased by 18% on average compared 1 Measurement provided by supplier without error; measurement was not feasible due to imaging difficulties inside a well plate to untreated glass, see Fig. 2b and Fig.1 . Similar behavior is seen on PDMS that has been rendered more hydrophilic through UV-ozone treatment (θ = 37.5 ± 1.2 • ): colloidal particles propel on average about 7 times slower than on the hydrophobic PDMS substrate, see Fig. 1 and Fig. 2c . Note that the hydrophilic PDMS surface is similar to a glass surface [32] and thus features similar velocity distributions. Finally, employing commercially available hydrophilic PE substrates (θ = 48 ± 5
• ), we find that colloids propel on average 7 times slower compared to the hydrophobic PE variant, see Fig. 1 and Fig. 2d . We note that on all substrates a few percent of the particles irreversibly adsorbed, with the exception of the highly hydrophilic glass where 80% of the particles adsorb. We only report velocities from particles with non-zero velocities.
We summarize these findings by plotting the average velocity as a function of the contact angle in Fig. 2e . The collapse of the data onto a single curve proves that the contact angle, and hence slip length, is the most relevant physical parameter and that any chemical differences between the substrates are irrelevant besides their effect on the contact angle. We make this relationship quantitative, by fitting our data with Eq. (6) from Ref. [23] in the limit b L which proposed that the velocity can be described as U = k B T η Γb∇c 0 with k B the Boltzmann constant, T the absolute temperature, η the solvent viscosity, Γ the length that measures the excess of solute in the vicinity of the surface, and ∇c 0 the solute concentration gradient. To express the slip length in terms of contact angle we used the approximation b = a(cos θ + 1)
following Ref. [27] , with a a proportionality constant with unit length. Figure 2e shows the velocity as a function of contact angle fitted with U = A(cos θ + 1) −2 , with A = a Interestingly, only on hydrophobic PE substrates, we observed that active particles occasionally leave the substrate, propel in the bulk for a short period before settling again onto the substrate. This is another indication of the increased slip and hence reduced hydrodynamic torque on the particle, which allows rotation of the active site away from the substrate and motion into the bulk. [33] To further probe this velocity dependence on slip, we test if it persists in the presence of salt. The addition of salt modulates the colloid-substrate distance through the Debye length, see Eq. 1, Table I and SI. Colloid velocities in 1 mM NaCl 10% H 2 O 2 are shown in Fig. 3 . We find a decrease of the average colloid velocities on all substrates, in agreement with previous experiments on glass [3, 34] . Despite the considerable velocity decrease on PE in 1 mM NaCl, the particles still propel almost as fast as they propel on glass in the absence of NaCl. For completeness, we also performed experiments in 10 mM and 100 mM NaCl; in the former the colloid mobility on all substrates decreased further and in the latter only adsorption was observed on all substrates. We note that the results presented here and earlier [3, 34] cannot be explained by a purely hydrodynamic model which predicts a velocity increase upon closer approach to the surface [8] [9] [10] [11] [12] [13] [14] . However, our experiments demonstrate that the slip condition induced by the substrate plays an important role even in the presence of salt.
FIG. 3.
Relative reduction of colloid self-propulsion in the presence of salt Probability density functions of the velocity on a) glass, b) PDMS, and c) PE in 1 mM NaCl.
Our hydrodynamics perspective also shines new light on discrepancies in the velocities between earlier experiments. As already mentioned in the introduction, velocities ranging from 3 to 18 µm/s were reported for polystyrene spheres with comparable Pt coating and H 2 O 2 concentration [3, 15] . Even though glass has been used as a substrate in almost all previous experiments, glass can differ in composition and hydrophilicity due to different preparation, treatment and cleaning methods. As we demonstrated above, different treatments may lead to significant change in the contact angle and hence propulsion speed and may resolve these reported discrepancies.
In conclusion, we find that the velocity of catalytically self-propelled colloidal particles near a wall strongly depends on the slip condition of the substrate and quantitatively follows theoretical predictions. Even in the presence of salt, we found notable velocity differences for different slip conditions. These insights may provide a means to further control and understand the behavior of self-propelled particles. Although all our experiments were conducted with Pt-coated spheres that propel based on a catalytic reaction, the slip boundary condition of nearby walls should also be important for other synthetic microswimmers. Our work highlights the important role of substrate properties on the self-propulsion of active particles which, surprisingly, is generally not considered in theory, simulations, and experiments.
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